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The phenomenon of nuclear magnetic resonance (NMR) comes with an inherent low sensitivity. To overcome such a limitation, hyperpolarization techniques have been developed that allow for signal enhancements over four orders of magnitude.[1](#open201800086-bib-0001){ref-type="ref"}, [2](#open201800086-bib-0002){ref-type="ref"}, [3](#open201800086-bib-0003){ref-type="ref"}, [4](#open201800086-bib-0004){ref-type="ref"}, [5](#open201800086-bib-0005){ref-type="ref"}, [6](#open201800086-bib-0006){ref-type="ref"} Hyperpolarization techniques include dynamic nuclear polarization (DNP),[1](#open201800086-bib-0001){ref-type="ref"}, [2](#open201800086-bib-0002){ref-type="ref"}, [3](#open201800086-bib-0003){ref-type="ref"}, [4](#open201800086-bib-0004){ref-type="ref"}, [5](#open201800086-bib-0005){ref-type="ref"}, [6](#open201800086-bib-0006){ref-type="ref"}, [7](#open201800086-bib-0007){ref-type="ref"}, [8](#open201800086-bib-0008){ref-type="ref"}, [9](#open201800086-bib-0009){ref-type="ref"} spin exchange optical pumping (SEOP),[10](#open201800086-bib-0010){ref-type="ref"}, [11](#open201800086-bib-0011){ref-type="ref"}, [12](#open201800086-bib-0012){ref-type="ref"}, [13](#open201800086-bib-0013){ref-type="ref"} and *para*‐hydrogen‐based methods such as signal amplification by reversible exchange (SABRE)[14](#open201800086-bib-0014){ref-type="ref"}, [15](#open201800086-bib-0015){ref-type="ref"}, [16](#open201800086-bib-0016){ref-type="ref"}, [17](#open201800086-bib-0017){ref-type="ref"}, [18](#open201800086-bib-0018){ref-type="ref"}, [19](#open201800086-bib-0019){ref-type="ref"}, [20](#open201800086-bib-0020){ref-type="ref"}, [21](#open201800086-bib-0021){ref-type="ref"}, [22](#open201800086-bib-0022){ref-type="ref"}, [23](#open201800086-bib-0023){ref-type="ref"} and *para*‐hydrogen‐induced polarization (PHIP).[24](#open201800086-bib-0024){ref-type="ref"}, [25](#open201800086-bib-0025){ref-type="ref"}, [26](#open201800086-bib-0026){ref-type="ref"}, [27](#open201800086-bib-0027){ref-type="ref"}, [28](#open201800086-bib-0028){ref-type="ref"}, [29](#open201800086-bib-0029){ref-type="ref"}, [30](#open201800086-bib-0030){ref-type="ref"}, [31](#open201800086-bib-0031){ref-type="ref"}, [32](#open201800086-bib-0032){ref-type="ref"}, [33](#open201800086-bib-0033){ref-type="ref"}, [34](#open201800086-bib-0034){ref-type="ref"}, [35](#open201800086-bib-0035){ref-type="ref"}, [36](#open201800086-bib-0036){ref-type="ref"}, [37](#open201800086-bib-0037){ref-type="ref"}, [38](#open201800086-bib-0038){ref-type="ref"}, [39](#open201800086-bib-0039){ref-type="ref"}, [40](#open201800086-bib-0040){ref-type="ref"}, [41](#open201800086-bib-0041){ref-type="ref"} Notably, the former technique (SABRE) represents a non‐hydrogenative form of PHIP. One emerging application of hyperpolarized NMR is the direct observation of metabolism in vitro and in vivo.[1](#open201800086-bib-0001){ref-type="ref"}, [2](#open201800086-bib-0002){ref-type="ref"}, [3](#open201800086-bib-0003){ref-type="ref"}, [4](#open201800086-bib-0004){ref-type="ref"}, [5](#open201800086-bib-0005){ref-type="ref"} PHIP applications in medical settings have been limited, as the technique requires unsaturated bonds in contrast agent precursors, which can undergo a hydrogenation reaction.[40](#open201800086-bib-0040){ref-type="ref"} To extend the range of polarizable substrates, approaches with side arms that can be attached to potential metabolites of interest have been developed. In early experiments, these side arms mainly served the purpose of preventing keto--enol tautomerism to hyperpolarize ethanol starting from vinyl acetate.[29](#open201800086-bib-0029){ref-type="ref"}, [30](#open201800086-bib-0030){ref-type="ref"} Acetate can be seen as a protection group that is cleaved after hydrogenation of vinyl acetate into ethyl acetate to reveal hyperpolarized ethanol. Reineri et al. subsequently introduced the PHIP‐SAH approach (PHIP by side arm hydrogenation), which allows the transfer of proton polarization from a hydrogenated sidearm to a ^13^C nucleus of a metabolite.[31](#open201800086-bib-0031){ref-type="ref"} Cleavage of the precursor molecule leads to hyperpolarized metabolites. In the case of lactate, it was demonstrated that, after the polarization procedure, lactate can enzymatically be converted into pyruvate.[32](#open201800086-bib-0032){ref-type="ref"} So far, the most successful approach of hyperpolarizing metabolites with *para*‐hydrogen relies on a field cycling technique, for which ^13^C polarization values of about 5 % have been experimentally demonstrated in highly concentrated solutions of acetate and pyruvate.[31](#open201800086-bib-0031){ref-type="ref"}, [32](#open201800086-bib-0032){ref-type="ref"}, [33](#open201800086-bib-0033){ref-type="ref"}, [34](#open201800086-bib-0034){ref-type="ref"}, [35](#open201800086-bib-0035){ref-type="ref"}, [36](#open201800086-bib-0036){ref-type="ref"} The theoretical polarization limits of the field cycling technique have been investigated and simulations for an ideal case have shown that more than 30 % ^13^C polarization can be achieved in the precursor molecule (before cleavage), whereas 50 % was suggested experimentally.[33](#open201800086-bib-0033){ref-type="ref"}, [34](#open201800086-bib-0034){ref-type="ref"}, [35](#open201800086-bib-0035){ref-type="ref"}

In this Communication, we demonstrate a pulsed NMR PHIP approach that surpasses the current theoretical limits in metabolite polarization for field cycling. We have investigated perdeuterated vinyl acetate (with natural abundant ^13^C) as a precursor that can be hydrogenated, thus hyperpolarized, and upon cleavage yields acetate and ethanol. By using precursors with ^13^C at natural abundance, we experimentally verify close to 60 % ^1^H and ^13^C polarization in the ethyl acetate product after hydrogenation. Furthermore, we show that after cleavage, hyperpolarized **1**--^13^C‐acetate‐d~3~ is obtained with 19.3±0.2 % ^13^C polarization and ethanol‐d~3~ with 26.7±1.6 % ^1^H polarization.

The procedure for generating the hyperpolarized metabolites is schematically depicted in Figure [1](#open201800086-fig-0001){ref-type="fig"}. Hydrogenation of vinyl acetate‐d~6~ leads to ethyl acetate‐d~6~, in which the chemical shift difference between the two added protons is *δ*=2.88 ppm (864 Hz at *B* ~0~=7 T) and the homonuclear *J* coupling is *J* ~HA,HB~=7.1 Hz. The ^13^C nucleus of interest for the hyperpolarization of acetate can be found at the 1‐position (carbonyl‐^13^C) of the corresponding moiety. The three‐spin system of two protons and one ^13^C is characterized by the two proton‐carbon couplings *J* ~C,HB~=3.2 Hz and *J* ~C~,~HA~ \<0.4 Hz. All *J*‐coupling parameters are depicted in Figure [1](#open201800086-fig-0001){ref-type="fig"}. Following incoherent hydrogenation with *para*‐enriched gas of the vinyl bond in high magnetic field, the initial spin density operator is assumed to be proportional to the two‐spin longitudinal order operator *ρ* ~0~∝*I* ~1z~ *I* ~2z~. For ^1^H polarization experiments (left path of Figure [1](#open201800086-fig-0001){ref-type="fig"}), sequence **1** converts the two‐spin longitudinal order of protons after the addition of *para*‐hydrogen, *ρ* ~0~=*I* ~1*z*~ *I* ~2*z*~, into in‐phase magnetization of one of the two protons. After the first 90~*y*~ pulse, the first block exploits the large chemical shift difference to transfer two‐spin transverse order *I* ~1*x*~ *I* ~2*x*~ into *I* ~1*x*~ *I* ~2*y*~ with negligible effect from the *J*‐coupling evolution. The second 90~−*x*~ pulse brings the spin density operator into *I* ~1*x*~ *I* ~2*z*~, which is then refocused into *I* ~1*y*~/2 by homonuclear *J* evolution during the second block. For ^13^C polarization experiments (right path of Figure [1](#open201800086-fig-0001){ref-type="fig"}), once that *para*‐hydrogen is added and ethyl acetate has formed, the couplings and chemical shift difference are ideal for utilizing the recently introduced ESOTHERIC (efficient spin order transfer to heteronuclei via relayed inept chains) sequence to transfer *ρ* ~0~=*I* ~1*z*~ *I* ~2*z*~/2 into heteronuclear in‐phase magnetization *S* ~3*y*~/4, with a theoretical efficiency close to 95 %.[39](#open201800086-bib-0039){ref-type="ref"}

![Schematic of the procedure leading to the hyperpolarization of ethanol and acetate. Both sequences result in in‐phase *y* magnetization and the following experimental timings are used in sequence **1**: Δ~1~=0.29 ms and Δ~2~=70.4 ms. All pulses are applied on resonance on the H~B~ proton. In sequence **2**, we have used the following timings: Δ~1~=156.3 ms and Δ~2~=70.4 ms. The dotted 90° pulses at the end of both sequences are utilized before the cleavage to flip the magnetization into the *z* direction. After the cleavage, the polarization is detected following another 90° pulse.](OPEN-7-672-g001){#open201800086-fig-0001}

Samples were prepared from \[D~4~\]MeOH solutions, containing 0.9 m[m]{.smallcaps} of vinyl acetate, 2 m[m]{.smallcaps} of commercially available rhodium catalyst, \[1,4‐Bis(diphenylphosphino)butane\](1,5‐cyclooctadiene) rhodium(I) tetrafluoroborate, and 9 m[m]{.smallcaps} toluene‐^13^C~α~ enriched (\>99 %) as internal reference for determining ^13^C polarization levels. The precursor concentration was chosen so to avoid radiation damping effects after hyperpolarization and to perform quantitative experiments. For all the polarization experiments, the signal enhancements were determined in the assumption that all the precursor has reacted into ethyl acetate during the hydrogenation. The full procedure of verifying sample stability as well as calculating polarization levels is discussed in detail in the Supporting Information. To carry out the experiments, we used hydrogen gas in which the *ortho* and *para* spin isomers were equilibrated at 36 K, corresponding to a 92 % *para*‐H~2~ fraction.

PASADENA‐type experiments were performed, in which the *para*‐enriched hydrogen gas was bubbled for 10 s to a solution of perdeuterated vinyl acetate in \[D~4~\]MeOH at 320 K in the presence of a homogeneous rhodium catalyst in high field (here: *B* ~0~=7 T). After hydrogenation in high field, a 45° pulse is typically used to detect a PASADENA spectrum (Figure [2](#open201800086-fig-0002){ref-type="fig"} a) that displays only half of the nascent ^1^H polarization, as previously discussed.[39](#open201800086-bib-0039){ref-type="ref"} Here, sequence **1** was utilized to convert in full the ^1^H longitudinal two‐spin order into in‐phase magnetization on the methylene proton of ethyl acetate‐d~6~, Figure [2](#open201800086-fig-0002){ref-type="fig"} b. Comparison with the thermally polarized proton spectrum of the same sample (Figure [2](#open201800086-fig-0002){ref-type="fig"} c) gives an average observable polarization *P*(^1^H)=54.9±3.2 %. Application of the ESOTHERIC sequence directly after hydrogenation leads to the ^13^C spectrum of hyperpolarized carbonyl carbon in ethyl acetate presented in Figure [2](#open201800086-fig-0002){ref-type="fig"} d. Considering that the observed ^13^C signal originates from natural abundant ^13^C, which is 1.08 % of all the carbon nuclei of the sample, we estimate a polarization *P*(^13^C)=59.1±1.4 %. For comparison, the thermal ^13^C--{^1^H} spectrum of the internal ^13^C~α~‐labelled toluene (^13^C\>99 %) standard is shown in Figure [2](#open201800086-fig-0002){ref-type="fig"} e.

![a) ^1^H spectrum of hyperpolarized protons in ethyl acetate‐d~6~ detected with a 45° pulse at *B* ~0~=7 T. b) ^1^H spectrum of the hyperpolarized (*P*=56.9 %, highest achieved polarization) methylene protons of ethyl acetate‐d~6~ in 0.6 mL solution after pulse sequence **1**. c) Corresponding ^2^H‐decoupled ^1^H spectrum after thermal equilibration. d) ^13^C spectrum of the hyperpolarized (*P*=60.5 %, highest achieved polarization) carbonyl carbon of ethyl acetate‐d~6~ (at natural abundance) in 0.6 mL solution after utilizing sequence **2**. e) ^1^H‐decoupled ^13^C spectrum of toluene‐α‐^13^C (enrichment \>99 %) used as internal reference after thermal equilibration. Note: The chemical shift scale is the same in both spectra for (d) and (e). Owing to hardware limitations, we could not decouple deuterium in the same experiment as the polarization transfer.](OPEN-7-672-g002){#open201800086-fig-0002}

In a series of subsequent experiments, we investigated the metabolite cleavage from the sidearm. As preparation for the cleavage, we utilized an additional 90° pulse at the end of both sequences to flip the magnetization into the *z* direction. To a solution of 0.4 mL of hyperpolarized ethyl acetate, 0.05 mL 1 [m]{.smallcaps} NaOD was added and mixed with the sample for 20 s inside the 7 T magnet by bubbling nitrogen gas. Acquisition of the ^1^H or ^13^C spectrum following a 90° pulse showed the cleaved ethanol‐d~4~ with *P*(^1^H)=26.7±1.6 % (Figure [3](#open201800086-fig-0003){ref-type="fig"} a) and acetate with *P*(^13^C)=19.3±0.2 % (Figure [3](#open201800086-fig-0003){ref-type="fig"} c). An increase in utilized NaOD will result in a fully cleaved product as shown recently.[31](#open201800086-bib-0031){ref-type="ref"} We have utilized a reduced amount of base to demonstrate the change in chemical shift between the cleaved and uncleaved sample in the same experiment. The reduction in polarization can be accounted for by two factors. Firstly, the longitudinal relaxation of the polarization during 20 s gives a factor of 0.6 for ^13^C nuclei (*T* ~1~=41 s) in the uncleaved acetate (in \[D4\]MeOH) and 0.74 for ^1^H (*T* ~1~=69 s) nuclei of ethanol‐d4 (in \[D4\]MeOH and NaOD/D~2~O). An additional factor of about 0.5 comes from the fact that only part of the sample is excited and detected by the B1 coil. This volume is approximately 0.2 mL, where the polarization transfer occurs, whereas the sample volume is 0.45 mL. After application of the pulse sequence, the pressure is released and NaOD is added. The sample is mixed with nitrogen bubbling to ensure the ester bond cleavage that leads to a diluted signal from hyperpolarized sample, which is the value that we report.

![NMR spectra of hyperpolarized a) ethanol‐d~3~ \[*P*(^1^H)=29.3 %, highest achieved polarization\] and c) acetate‐d~3~ \[*P*(^13^C)=19.4 %, highest achieved polarization\] after hydrogenation with *para*‐enriched H~2~ gas of vinyl acetate‐d~6~ with ^13^C at natural abundance, polarization transfer and ester bond cleavage with 50 μL of NaOD (1 [m]{.smallcaps}) added to the reaction solution (0.4 mL). In the ^1^H spectrum (a), non‐cleaved ethyl acetate appears at approximately 4.1 ppm and the cleaved ethanol appears at 3.6 ppm. b) Corresponding thermal ^2^H‐decoupled ^1^H spectrum after the reaction. In the ^13^C spectrum (c), the doublet at approximately 174.4 ppm corresponds to the ^13^C carbonyl in ethyl acetate (*J* ~C,HA~=3.2 Hz) and the singlet peak corresponds to acetate‐d~3~ at approximately 174.9 ppm (no heteronuclear ^1^H‐^13^C coupling is present). d) Corresponding thermally polarized ^1^H‐decoupled ^13^C spectrum of toluene‐α‐^13^C (enrichment \>99 %) used as internal reference after the cleavage reaction.](OPEN-7-672-g003){#open201800086-fig-0003}

Although we obtained well above 50 % polarization for protons and ^13^C in ethyl acetate‐d~6~, it is conceivable that higher polarization values can be achieved in pulsed PHIP experiments. In a publication from Anwar et al., it was shown that close to unity nascent ^1^H polarization is experimentally possible.[41](#open201800086-bib-0041){ref-type="ref"} A necessary step towards this goal would require the use of 100 % *para*‐enriched hydrogen gas as opposed to the 92 % used in the experiments presented above. According to the theory, for a given *para*‐hydrogen fraction *f*, the amount of singlet order available for successive polarization transfers is *ps*=(1--4*f*)/3.[38](#open201800086-bib-0038){ref-type="ref"} The formula implies a usable 89 % initial two‐spin order in our experiments, and indicates that the achievable polarization can be improved by a factor of 1.1. As the proton longitudinal two‐spin order relaxation time of the product ethyl acetate‐d~6~ is *T* ~1~ (*I~1z~I* ~2*z*~)≈100 s (in \[D~4~\]MeOH) (see the Supporting Information), at most 5 % polarization loss to relaxation is expected during the bubbling time of *para*‐hydrogen (10 s) before the polarization experiments. Such loss could be decreased by reducing the reaction time from 10 s to 1--3 s. We speculate that the remaining factor of 1.5 in polarization loss may be attributed to *para*--*ortho* conversion of hydrogen at the catalytic sites. In recently published experiments, it was shown that after a few seconds of reaction time, more than 50 % *para*‐hydrogen can be converted back into its *ortho* state, leading to a significant polarization loss.[34](#open201800086-bib-0034){ref-type="ref"} In our experiments, a *para*--*ortho* conversion of about 20 % (i.e. from 92 to 73 % total *para* enrichment) during the hydrogenation reaction would reduce the theoretical achievable polarization to 64 %, which is close to the observed experimental value. This point will be part of our future investigations, requiring the construction of an optimized reaction setup to achieve shorter reaction times and potentially mitigate *para*--*ortho* conversion. Other future technological challenges, that we are currently addressing, concern the increase of the final concentration of hyperpolarized metabolites, the speeding up of the cleavage procedure, and the separation of the catalyst to finally obtain an injectable hyperpolarized metabolite in water.

In conclusion, we have shown that high levels of ^1^H and ^13^C polarization of over 50 % in the metabolite precursor ethyl acetate‐d~6~ are achievable with *para*‐hydrogen within seconds. Cleavage of the precursor yields hyperpolarized ethanol‐d~3~ *P*(^1^H)=26.7±1.6 % and acetate‐d~3~ with *P*(^13^C)=19.3±0.2 %. These values correspond to signal enhancements of 12 000 for ^1^H and 34 000 for ^13^C at 310 K and 7 T. The reported polarization values of metabolite precursors are about one order of magnitude higher than previously achieved, partially owing to the adoption of effective pulsed methods for polarization transfer. We anticipate the future application of ^1^H hyperpolarized ethanol as a contrast agent for metabolic studies, owing to the relatively long proton relaxation time (*T* ~1~≈70 s at 7 T). The consistent achievement of polarization levels \>20 % in metabolites fundamentally proves that the proposed pulsed PHIP‐SAH approach can generate hyperpolarized metabolites above the threshold requested for in vivo experiments.[40](#open201800086-bib-0040){ref-type="ref"}
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